Introduction
Bacterial aggregation denotes an interaction process among bacterial cell that are genetically identical (autoaggregation) or different (coaggregation). Among some probiotic strains, autoaggregation appears to be the first step for adhesion to surfaces or intestinal epithelial cells. 1 On the other hand, bacteria with coaggregation abilities may form a barrier preventing colonization by pathogenic microorganisms. 2 The aggregative capacity could also be considered as a potentially probiotic attribute, developing bacterial communities called biofilm. 3 The processes of bacterial aggregation and biofilm development are relevant to both bacterial survival and host plant colonization. Thus, a deeper understanding of such processes should lead to novel, effective control strategies and improvement in industrial applications, including wastewater treatment, 4 food fermentations 5 and bacterial fuel cells. 6 Lactic acid bacteria (LAB) are used in a variety of fermented foods such as yogurt, cheese, miso, soy sauce, kimchi, and pickles. They are also known to be probiotics, which provide physiological benefits to humans and animals. 7 The formations of cell aggregations is one of the important factors for producing fermented foods. 8, 9 One of the known properties of probiotic strain is adhesion to the host cell, particularly to those in the gastrointestinal tract. 10 The factors and mechanism of interactions between LAB and the host cells have been studied, and LAB surface factors such as proteins were found to recognize intestinal mucin or other sugar chains of the host. 11, 12 Recently, Saito et al. reported aggregations of LAB mediated by xylan. 13 Xylan is a negatively charged polysaccharide made from units of xylose. Xylan is almost as ubiquitous as cellulose in plant-cell walls, and contains predominantly β-D-xylose units linked as in cellulose. The xylan-mediated aggregation of LAB was considered to be caused by xylan affinity to cells. 13 This model can be helpful to understand the mechanisms of biofilm formations, and to develop probiotic products.
In this study, we directly observed the aggregation processes of LAB mediated by water-soluble polysaccharides, carboxymethyl cellulose (CMC), by dark-filed microscopy (DFM). CMC is synthesized by an alkali-catalyzed reaction of cellulose with chloroacetic acid, and thus has a negative charge similar to that of xylan. We chose CMC as an alternative for xylan due to reasons of availability and purity. In addition, CMC is used in food as a viscosity modifier or thickener, and to stabilize emulsions in various products including lactic acid beverages.
Since bacterial aggregates tend to precipitate from the microbial suspension, a simple method to quantitatively estimate aggregation consists in determining the optical density (OD) decrease of an undisturbed microbial suspension at regular intervals.
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Experimental

Materials and chemicals
All of the chemicals used were of reagent grade. Milli-Q water was used throughout the experiment. CMC sodium salt was obtained from WAKO Pure Chemical Industry (Osaka, Japan).
Bacterial strains and culture conditions
The LAB strain used in this study was Lactobacillus brevis NBRC 13109, obtained from the Biological Resource Center, National Institute of Technology and Evaluation, Japan. Cell cultivation and preparation of cell suspension were performed as described previously. 13 Briefly, the cells were cultured in Lactobacilli MRS broth (Becton, Dickinson and Company, Franklin Lakes, NJ) at 30 C for 24 h and harvested by centrifugation. After washing the cells with saline (0.9% sodium chloride), cell suspension in saline (OD600nm = 1.0) was prepared and used for microscopic observations of cell aggregation.
Dark-field microscopic imaging
For the direct imaging of CMC-mediated LAB aggregations in suspension, the schematic illustration of the DFM setup is shown in Fig. 1 . A mixture of 5 μL of a LAB suspension and 200 μL physiological saline solution (0.9% sodium chloride) Fig. 1 Schematic illustration of the DFM setup. Fig. 2 Time-lapse DFM images of a LAB suspension with (A) and without (B) 0.1% CMC for over 60 min. Bars, 50 μm. These images were captured at the same point. See Supplementary Movies S1 and S2. containing 0.1% CMC or no CMC was added to the silicon rubber chamber adhered onto a glass slide, and LABs in suspension were observed at room temperature.
In DFM, only light scattered by the structure is collected in the detection path, while directly transmitted light is blocked using a dark-field condenser. The images were acquired using a NIKON ECLIPSE 80i with a ×40 water immersion objective (NIKON, NIR Apo), a dark field condenser, a 100-W halogen lamp and a NIKON DS-Ri1 digital camera.
Image analysis
To analyze the grain sizes of bacterial aggregates in obtained images, a command "Analyze Particles" of ImageJ (https:// imagej.nih.gov/ij/) was used. Captured images were converted to black-and-white images that had only two possible values for each pixel. A threshold range was set to indicate the objects (bacteria) of interest apart from the background. All pixels in the image whose values lie under the threshold were converted to black and all pixels with values above the threshold were converted to white. Then, the menu command "Analyze Particles" in ImageJ was used to analyze the particles in a segmented image, indicating the average sizes of the particles and their distributions (minimum and maximal sizes) in whole area. For measurements, particles on the edges of images were excluded.
Results and Discussion
High-contrast DFM observations clearly showed that LAB aggregates formed and grew when LAB was suspended in 0.1% CMC for 0 -60 min ( Fig. 2A ; see Supplementary Movie S1). As a result, it seems that CMC causes the aggregation of LABs as does xylan. In contrast, LAB suspension without CMC did not form aggregates in suspension, and individual LAB cells that adhered onto the surface just increased with time (0 -60 min) in the field of view ( Fig. 2B ; see Supplementary Movie S2). Time-series of CMC-mediated aggregations at intervals of 10 s are also shown in Fig. 3 In a suspension, two individual LAB cells randomly moved, met each other, formed an aggregate (Fig. 3A) , and then a collision between smaller aggregates resulted in formations of a larger aggregate (Fig. 3B) . Basically, CMC-mediated aggregation is caused by repeated collisions in suspension (Fig. 4) .
The S-layer proteins is a crystalline two dimensional array of protein or glycoprotein subunits that represents the outermost layer of several species of bacteria; the presence of S-layer proteins has been reported in many species of LAB cells. In fact, some probiotic properties of whole bacteria, such as adhesion, aggregation or pathogens inhibition, have been related with the occurrence of particular types of S-layers, having an affinity to many sugar chains. 16, 17 Xylan-mediated aggregation of LAB was considered to be caused by xylan affinity to cells, since partial removal of the S-layer proteins on LAB cells by LiCl extraction significantly reduced xylan-mediated aggregations in previous study. 13 Similar mechanisms would be expected to occur between LAB and CMC.
One of the advantages of DFM is a clear image without staining due to a good contrast provided between scattered and illuminated light. Thus, DFM imaging with a good contrast enables us to visualize metal nanoparticles, [18] [19] [20] [21] [22] such as Au or Ag, and to measure the bacterial motion and high-speed rotation of bacteria flagella. [23] [24] [25] [26] [27] Since DFM images obtained in this study also showed good contrast, we tried to analyze timedepended changes of the aggregate sizes of LAB mediated by CMC. The average particle sizes and size distributions determined by using image analysis were plotted against the time (Fig. 5) . In the initial stage (0 min), the average particle sizes of LAB in suspension with or without CMC were both ca. 2 μm 2 , indicating no aggregation of LAB cells. The above size is larger than real size (ca. 0.6 μm 2 or diffraction-limited resolution, 1 μm 2 ) of LAB cells in this study because of image analysis from lower-resolution images through the low magnification of the microscope.
Additionally, DFM observations with high contrast would provide a larger image than that in reality. In LAB suspension with CMC, the measured average sizes and their distribution increased with time, reaching 11.2 and 1.0 -309.4 μm 2 , respectively (Fig. 5) . In contrast, even if the results without CMC included overlapping LAB cells on surface, their variations of measured results were substantially lower than those in a suspension with CMC. By using the combination of this method and a numerical simulation technique, the collision or aggregation rate of bacteria could be estimated in the near future.
LAB aggregates progressed in undisturbed bacterial suspension, and easily redispersed by stirring the suspension. Additionally, as described above, they tended to precipitate from the bacterial suspension. Although laser diffraction is widely used as a particle sizing technique for materials ranging from hundreds of nanometers up to several millimeters in size, the aggregate size changes in this study could not be determined because of difficult to suspend aggregates without stirring. Thus, the results obtained in this study suggest that a combination of DFM and image analysis could be used for grain-size measurements for bacteria aggregates.
In this study, we tried direct observations of aggregation process of LAB in real time by DFM. DFM observations revealed that CMC-mediated LAB aggregations could be clearly visualized in real time, and are formed by repeated collisions of diffusing LABs in suspension. Also, by the combination of DFM and image analysis, it was possible to measure the grain sizes of aggregate formations. This method can be applied for analyzing and visualizing interactions between LAB and various raw materials of fermented foods, and will be useful for elucidating the fermentation mechanism and development of a control method of the fermentation process. Furthermore, it would be helpful for estimating the mechanisms of physical and chemical interactions between bacterial cell and extracellular polymeric substances composed of extracellular DNA, proteins, and polysaccharides to understand biofilm formations.
Supporting Information
Movies of aggregate formation in suspension with and without 0.1% CMC. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
